Introduction
Uranium and thorium are important elements in industry especially as energy sources. Many methods have already been developed for the determination of uranium and thorium in geological samples.
These days, the methods include inductively coupled plasma atomic emission spectrometry (ICP-AES), 1 inductively coupled plasma-mass spectrometry (ICP-MS), 2, 3 ion chromatography (IC), 4 and capillary zone electrophoresis (CZE). 5 However, because these instrumental analyses require rather expensive equipment and higher running costs, they offer limited availability.
Although alpha spectrometry has also been used for determination of these radioactive elements, it needs a number of preliminary separation steps for sample preparation. 6 Spectrophotometry is a relatively easy alternative method, which has been applied to the determination of uranium and thorium. 7, 8 Most spectrophotometric methods for the determination of uranium and thorium, however, require the separation of uranium and thorium from each other in advance because the absorption maxima for uranium-and thoriumcomplexes are very close to each other for most chromogenic reagents. Arsenazo III is one of the most widely used chromogenic reagents because of its high sensitivity for both uranium and thorium.
Methods for the simultaneous determination of uranium and thorium have also been developed using Arsenazo III by second-derivative spectrophotometry 9 and dissolving simultaneous equations for the absorbances obtained at three different wavelengths (including lanthanum determination). 10 Flow injection analysis (FIA) is an attractive technique for the automation of analysis. Pérez Pavoón et al. 11, 12 developed FIA systems for the simultaneous determination of uranium and thorium using Arsenazo III and a reduction column in order to reduce uranium(VI) to uranium(IV). In their systems, two absorption signals were obtained by a nested loop injection system 11 or two sample injections; 12 one of the signals was due to the total amount of uranium and thorium with a reduction step, and the other signal was mainly due to the amount of thorium without the reduction of uranium(VI) to uranium(IV). On the other hand, although the molar absorptivity of uraniumChromazurol S (CAS) complex in a micelle solution of cetyltrimethylammonium chloride (CTMAC) is comparative to, or less than, that of the uranium-Arsenazo III complex, the CAS-CTMAC method has an advantage in that the interference from coexisting elements including thorium can be avoided by masking with EDTA. 13 In this paper, the CAS-CTMAC method with the selective masking of thorium by EDTA was applied to the simultaneous determination of uranium and thorium by FIA. The FIA system developed employed a spectrophotometric detector equipped with two flow cells aligned with the same light path; two FI signals were obtained by each sample injection. The first signal corresponded to the total absorbance of uranium and thorium complexes. After masking thorium with EDTA, the second signal for the uranium complex was measured. The system was successfully applied to the determination of uranium and thorium in a uranium-thorium ore mock solution.
The interference from foreign elements in the mock solution was A flow injection system for the simultaneous determination of uranium and thorium has been developed by using selective masking and a spectrophotometric detector with two flow cells aligned with the same optical path. The injected sample solution was first mixed with a reagent solution containing Chromazurol S (CAS) and cetyltrimethylammonium chloride (CTMAC), and the total absorbance of uranium-and thorium-CAS complexes was measured in the first flow cell at 620 nm. The sample stream was then mixed with an EDTA solution in order to convert the thorium-CAS complex to a thorium-EDTA complex, and the absorbance of the uranium-CAS complex was measured in the second flow cell. The detection limits were 10 µg dm -3 for uranium and 7 µg dm -3 for thorium. The calibration graphs were linear (r < 0.9998) at least over the ranges of 0.1 to 10 mg dm -3 for uranium and 0.08 to 8 mg dm -3 for thorium. The RSDs were less than 1.5% (n = 3) in the calibration range. Uranium and thorium of up to the 6-fold concentration to each other could be determined in admixtures with relative errors of less than 3.3%. The sample throughput was 24 per hour. The proposed system was successfully applied to the analysis of a uranium-thorium ore mock solution by coupling with anion-exchange in a magnesium nitrate medium to eliminate interference from coexisting elements. eliminated by anion-exchange separation in a magnesium nitrate medium. 14 
Experimental

Reagents
All reagents used were of analytical reagent grade. Distilled and deionized water was further purified via passage through a Milli-Q system (Millipore, Tokyo). Standard stock solutions of 1 g dm -3 thorium(IV) and uranium(VI) were prepared by dissolving appropriate amounts of thorium nitrate and uranyl nitrate hexahydrate in 2 mol dm -3 nitric acid, respectively. A sample solution was prepared by diluting stock solutions with 0.01 mol dm -3 nitric acid. An 8 mmol dm -3 CAS solution and a 0.06 mol dm -3 CTMAC solution were prepared by dissolving the required mass of the reagents in water. A CAS-CTMAC solution was prepared by mixing 25 cm 3 of 8 mmol dm -3 CAS, 75 cm 3 of 0.06 mol dm -3 CTMAC, and 25 cm 3 of 4 mol dm -3 pyridine, adjusting the pH to 4.8 with nitric acid and then diluting with water to 500 cm 3 . A strongly basic anion-exchange resin Bio-Rad AG1-X8, 100 -200 mesh (Bio-Rad Laboratories, Tokyo) was used.
FI procedure for the simultaneous determination of uranium and thorium
The FIA system used for the simultaneous determination of uranium and thorium is illustrated in Fig. 1 . The system was constructed with 0.5-mm i.d. polytetrafluoroethylene (PTFE) tubing. Two double plunger pumps (Sanuki Kogyo, Tokyo) were used for pumping 0.01 mol dm -3 HNO3 and a CAS-CTMAC solution (P1, RX-704T), and 0.8 mmol dm -3 EDTA (P2, DMX-2300T). The flow rates of P1 and P2 were 3.2 and 0.5 cm 3 min -1 , respectively. A peristaltic pump (MP3-N, Tokyo Rikakikai) was used to deliver a sample solution into a six-way solenoid valve (SVA-6M2H, Sanuki Kogyo) to which a 200 mm 3 sample loop was attached. A spectrophotometer (S-3250, Soma Optics, Tokyo) equipped with two 5-mm flow cells aligned with the same optical path 15 was used. A sample solution containing uranium and thorium was injected into the carrier stream (1.6 cm 3 min -1 ) and mixed with the CAS-CTMAC solution (1.6 cm 3 min -1 ). The absorbance of the metal-CAS complexes formed in the reaction coil 1 (RC1) was measured in the first flow cell in the spectrophotometer at 620 nm. Then, the sample stream was mixed with an EDTA solution (0.5 cm 3 min -1 ). After converting the thorium-CAS complex to the thorium-EDTA complex in the reaction coil 2 (RC2), the absorbance of the uranium complex was measured in the second flow cell at the same wavelength. The FI signals were recorded on a chromatographic data processor (Chromatocorder 12, System Instruments, Tokyo).
A spectrophotometer (U-3210, Hitachi, Tokyo) was also used for batch experiments.
Preparation of uranium-thorium ore mock solution
In order to confirm the applicability of the proposed method, a uranium-thorium ore mock solution was analyzed. The mock solution was prepared based on the assumption that 0.04 g of a uranium-thorium ore reference material (CANMET-DH-1a, Canada Center for Mineral and Energy Technology) could be decomposed with acids and diluted to 25 cm 3 . The solution contained 1.5 mg of Al, 16 µg of Ca, 2.5 mg of Fe, 0.6 µg of K, 38 µg of Mg, 19 µg of Na, 40 µg of Th and 100 µg of U in 25 cm 3 .
Anion-exchange separation
In order to separate uranium and thorium from coexisting elements found in uranium-thorium ore, an anion-exchange method developed by Kuroda and Seki 14 was employed. A conventional glass column of i.d. 1.0 cm packed with 2.0 g of the anion-exchange resin was conditioned with 20 cm 3 of 2.5 mol dm -3 magnesium nitrate-0.1 mol dm -3 nitric acid. Then, 25 cm 3 of the sample solution prepared as mentioned above, to which appropriate amounts of solid magnesium nitrate and nitric acid had been added in advance to give a solution of 2.5 mol dm -3 in magnesium nitrate and 0.1 mol dm -3 in nitric acid, was loaded onto the column at a flow rate of 1 cm 3 min -1 , followed by washing with 50 cm 3 of 2.5 mol dm -3 magnesium nitrate-0.1 mol dm -3 nitric acid. Uranium and thorium were then stripped by 0.1 mol dm -3 hydrochloric acid. An early 2 cm 3 portion of the effluent containing a large amount of magnesium nitrate salt was discarded, and the following 30 cm 3 portion was collected. The effluent was evaporated nearly to dryness and diluted to 100 cm 3 with 0.01 mol dm -3 nitric acid. The thus-prepared sample solution contained some amount of magnesium, which brought about an increase in the FI signal. Therefore, the concentration of magnesium in the sample solution subjected to FIA was determined by a flame atomic absorption spectrophotometer (AA-6500F, Shimadzu, Tokyo) and the contribution of magnesium to the FI signal was corrected. 
Results and Discussion
Effect of pH
The effect of the pH on the absorbance of the thorium-CAS and uranium-CAS complexes in the presence of CTMAC was studied by Shijo and Takeuchi. 13, 16 The absorbance for the thorium complex was almost constant in the pH 4 to 5.6 region, and gave the maximum at pH 5.5. The maximum absorbance for the uranium complex was obtained in the pH 5.6 to 6.1 region.
As described in Experimental, the sample solution to be subjected to FIA contained a relatively large amount of magnesium. Therefore, we investigated the effect of the pH on the absorbance of magnesium as well as uranium and thorium in the CAS-CTMAC solution by a batch procedure. As shown in Fig. 2 , the absorbance of 2000 mg dm -3 magnesium in the CAS-CTMAC solution was relatively low over the pH range 3.0 to 4.5. However, the absorbance gradually increased in the pH region more than 4.5. The absorbance of 2000 mg dm -3 magnesium at pH 5.5 was comparable to that of 0.5 mg dm -3 uranium and 0.3 mg dm -3 thorium at pH 5.5. Consequently, pH 4.8 was selected as the reaction medium for the FIA system in order to obtain a higher sensitivity for uranium and thorium, and to minimize the interference from magnesium.
Effects of sample volume and reaction coils
The effects of the sample volume and the length of the reaction coils (RC1 and RC2) in the FIA system were investigated with a sample solution containing 1.0 mg dm -3 uranium and 1.2 mg dm -3 thorium. The sample volume was investigated over the range of 75 to 250 mm 3 . Although the first peak increased with increasing sample volume, the larger sample volume made it necessary to employ a longer RC2 in order to separate the first peak from the second one. Hence, a sample volume of 200 mm 3 was selected. The effect of the length of RC1 was investigated over the range of 1 to 6 m. The maximum first peak was obtained with an RC1 of 2 m. With an RC1 of 2 m, the length of RC2 was adjusted to 20 m. Increasing the length of RC2 caused a decrease in the second peak height, whereas decreasing the length of RC2 to less than 20 m resulted in an insufficient separation between the first and second peaks.
Effect of CAS concentration
The effect of the CAS concentration was studied over the range 0.08 to 0.5 mmol dm -3 . The constant absorbance for the first peak was obtained at CAS concentrations of more than 0.17 mmol dm -3 , as shown in Fig. 3 . The second peak height increased with increasing the CAS concentration from 0.08 to 0.33 mmol dm -3 , and became constant at a concentration of more than 0.33 mmol dm -3 . Therefore, 0.4 mmol dm -3 CAS was used for the following work.
Effect of CTMAC concentration
Shijo and Takeuchi used 0.3 to 0.6 mmol dm -3 CTMAC for the determination of uranium and thorium. 13, 16 However, higher concentration of CTMAC was required to obtain reproducible FI peaks in the present work, probably due to the adsorption of the metal complexes to the inner wall of PTFE tubing at a lower concentration of the surfactant. When the effect of the CTMAC concentration was examined in the range of 3 to 16 mmol dm -3 , the heights of the first peaks for a mixture of uranium and thorium and for uranium alone were almost constant regardless of the CTMAC concentration. On the other hand, the heights of the second peaks for both samples decreased with increasing CTMAC concentration, and the peak heights for the mixture of uranium and thorium and those for uranium alone were different from each other, as shown in Fig. 4 . The difference in the peak heights observed for the two samples might have resulted from insufficient masking of thorium. The relative error in the determination of uranium in the presence of a comparable amount of thorium was about 2% in the CTMAC concentration range of 3 to 6 mmol dm -3 , and less than 1% in the CTMAC concentration range of 9 to 16 mmol dm -3 . Consequently, a 9 mmol dm -3 CTMAC solution was adopted for further experiments.
Effect of EDTA concentration
The effect of the EDTA concentration on the heights of the second peaks was tested over the range of 0.4 to 8.0 mmol dm -3 . Although the heights of the second peaks for uranium alone and a mixture of uranium and thorium gradually decreased with increasing the EDTA concentration, the difference in the peak heights observed for uranium alone and the mixture of uranium and thorium was less than 1.3% at any EDTA concentration examined. The effect of EDTA on the heights of the second peak for magnesium was also investigated; the obtained results are illustrated in Fig. 5 . When 750 mg dm -3 of magnesium was added to the sample solution, the decrease in the second peak heights by EDTA was lessened. The difference in the peak heights for 1.0 mg dm , first peak; , second peak. Sample: 1.0 mg dm -3 uranium-1.2 mg dm -3 thorium. Fig. 4 Effect of the CTMAC concentration on the second peak. , 1.0 mg dm -3 uranium; , 1.0 mg dm -3 uranium-1.2 mg dm -3 thorium. EDTA: 4 mmol dm -3 .
to 1 mmol dm -3 , and increased with increasing concentration of EDTA, reaching 12% at 8 mmol dm -3 EDTA. Therefore, 0.8 mmol dm -3 EDTA was used as a masking solution for thorium.
Performance of the system
The proposed FIA system was applied to the simultaneous determination of uranium and thorium in synthetic mixtures. The obtained results are summarized in Table 1 , and the representative FI signals are shown in Fig. 6 . Uranium and thorium of up to the 6-fold concentration to each other could be determined with relative errors of less than 3.3%.
The detection limits equivalent to 3σ of the background signals were 10 µg dm -3 for uranium and 7 µg dm -3 for thorium. The calibration graphs were linear (r < 0.9998) at least over the ranges of 0.1 to 10 mg dm -3 for uranium and 0.08 to 8 mg dm -3 for thorium. The RSDs were less than 1.5% (n = 3) in the calibration range. The sample throughput was 24 per hour.
Analysis of uranium-thorium ore mock solution
The applicability of the proposed method to real samples was tested by analyzing a uranium-thorium ore mock solution. The mock solution contained aluminium, calcium, iron, potassium, magnesium and sodium. Aluminium and iron interfere with the determination of uranium and thorium in a CAS-CTMAC solution and iron could be masked with EDTA. 13 However, in the proposed FIA system, even the effect of iron on the first peak was not avoidable because EDTA was mixed after the measurement of the first peak. Therefore, anion-exchange in a magnesium nitrate medium was applied to the separation of uranium and thorium from coexisting elements. Because the adsorption of uranium on an anion-exchange resin in pure aqueous nitric acid (e.g. 8 mol dm -3 ) is very weak, 17 the medium is not applicable for the simultaneous separation of uranium and thorium. On the other hand, a magnesium nitrate medium allows uranium and thorium to be adsorbed to a great extent with high salting-out strength. 14 Therefore, the magnesium nitrate medium is suitable for the simultaneous separation of uranium and thorium.
The analytical results for a uranium-thorium ore mock solution are shown in Table 2 . Uranium and thorium were adsorbed together on Bio-Rad AG1 from a magnesium nitrate-nitric acid solution and eluted with dilute hydrochloric acid. The eluate was contaminated by about 600 mg dm -3 magnesium, which was determined by AAS. Then, the FI signals were corrected by subtracting the contribution by the magnesium found in the eluate. For example, the magnesium concentration in the eluate of sample run 1 was determined to be 607 mg dm -3 . According to the calibration curves for magnesium in the proposed FIA system, the 1st and 2nd peak height absorbances corresponding to 607 mg dm -3 magnesium were calculated to be 0.0098 and 0.0112, respectively. On the other hand, the 1st and 2nd peak height absorbances for the eluate of sample run 1 by the FIA system were 0.1791 and 0.0535, respectively. Then, the concentration of uranium and thorium in the eluate was determined after subtracting the peak heights corresponding to magnesium from the peak heights for the sample. According to Table 2 , uranium and thorium were quantitatively recovered with good precision.
The proposed FIA method for the simultaneous determination of uranium and thorium using selective masking with EDTA is simple and rapid, and can therefore be presumed to be widely applicable to the analysis of geological samples by coupling with anion-exchange separation in a magnesium nitrate-nitric acid medium. 
